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ABSTRACT 
Heat transfer plays an important role in the design of efficient thermoelectric (TE) 
devices. Currently, a TE device constructed from bismuth-telluride with figure of merit, 
ZT, of unity can achieve an ideal efficiency of about 12%. However, the efficiency 
achieved in practice is less than 5%. This difference between the ideal and the actual 
efficiencies can largely be attributed to heat transfer. 
A numerical study based on three-dimensional CFD analysis was performed to 
investigate natural convection and radiation heat transfer that take place in the space 
between the thermoelectric legs in thermoelectric (TE) modules. Parameters studied 
include staggered and non-staggered arrangement of the TE legs, length of the legs, 
spacing between legs, and difference between the hot and cold temperatures. Results 
obtained show natural convection and radiation can both be important. Radiation 
increases in importance as surface emissivity increases. Also, radiation heat transfer 
increases as leg length shortens, leg spacing, and temperature difference increases. This 
data will be used to guide design. Results also show that there is net transfer of heat to 
TE legs from the hot walls of the cavity. This presents a new design opportunity. 
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1. Introduction 
Recently, efforts have been directed towards the development of high efficiency 
thermoelectric material to suit high temperature working conditions. Thermoelectric 
materials find a variety of applications in both high temperature and room temperature 
working conditions. Applications related to cooling and power generation have been the 
prime source of enthusiasm for researchers to develop high efficiency thermoelectric 
materials. 
Thermoelectric coolers have found extensive applications in industries and materials 
suitable for low temperature operations have been developed. Commercially available 
thermoelectric coolers have found extensive use where the cooling requirements are low and 
the sustainability has been extremely high due to the absence of moving parts and being eco-
friendly due to the absence of refrigerants. 
The presence of large number of thermoelectric coolers encouraged researchers to 
work on the development of thermoelectric power generation module. It is also observed that 
usage of thermoelectric power generation module can be highly efficient since the existence 
of a temperature gradient provides a scope to utilize the high potential resulting from this 
process. The operation of a thermoelectric power generation unit is very similar to that of a 
thermoelectric cooler, where in a heat source and heat sink are included instead of a heat sink 
and a DC power source. 
Extremely good materials possessing high figures of merit at high temperature 
working conditions pave way for researchers to look into high efficiency power generation. 
The design of a traditional thermoelectric power generation module includes a number of p 
and n-type semiconductor pellets arranged such that they are electrically in series and 
thermally parallel separated by a barrier, which is an electrical insulator. In design air has 
been traditionally used since they possess very low dielectric coefficient. The top and bottom 
surfaces are exposed to hot and cold temperatures respectively. Heat exchangers are designed 
for efficient transfer of heat from the fluid to the surface exposed to the thermoelectric 
material. 
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Heat transfer plays an important role in the effective design of high efficiency 
thermoelectric materials. It has been found that the thermoelectric device constructed using 
bismuth-telluride with figure of merit (ZT) of unity operating under the temperature range of 
300-600K possess an ideal efficiency of 12%. But the actual conversion efficiency obtained 
from this device was close to 5%. Heat transfer has been attributed for such a reduction in the 
conversion efficiency. The system under consideration namely devices constructed using 
highly efficient system of materials Ag1-xPb1sSbTe20 and Ag1-xPb1sSbSe20 possess a figure of 
merit of 2.0 under the operating range of 700 - 900K. Under such high operating temperature 
ranges, heat transfer studies needs to be carried out for effective design of devices. 
Heat transfer phenomenon can be classified broadly into three main categories 
namely conduction, convection and radiation. The cross section area of the module under 
consideration ranges in the order of few square millimeters and large number of p and n-type 
materials are stacked. The region between the two thermoelectric legs is filled with a medium 
which insulates electrically but conducts thermally. 
It is to be noted that since the region between the thermoelectric legs is air there is a 
possibility of free convection playing an extremely important role in the heat transfer. High 
temperatures can also lead to the presence of radiation between the surf aces and radiation 
interaction between the surf aces and the gas present between the regions enclosed between 
the thermoelectric legs. Each of these factors needs to be thoroughly analyzed in order to 
understand the heat transfer phenomenon existing. 
Traditional designs need to be analyzed. Computational fluid dynamics (CFD) 
technique is an extremely powerful technique that is utilized in the current research initiative 
to analyze traditional designs. New and feasible designs are analyzed using CFD techniques 
and the relative advantages and disadvantages of the new design over the traditional design 
are presented very clearly. 
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2. Literature Review 
Developments in the area of thermoelectric materials for room temperature applications have 
gained importance pertaining to the applications of cooling. Advantages namely the absence 
of moving parts, absence of refrigerant, absence of lubricants and emission free operations 
have been the primary factors which enthused the researchers to make progress in the 
development of thermoelectric materials. 
Discoveries of materials possessing high figure of merit at high temperatures has also 
led the researchers to think about the development of a thermoelectric generator with high 
performance efficiency. Kanatzidis, et al. [1] synthesized the material system AgPbmSbTe2+m 
and studied its physiochemical and thermoelectric properties. When m = 10 and 18 and when 
doped appropriately, they are n-type semiconductors and found to exhibit high thermoelectric 
figure of merit. The ZT max (figure-of-merit) at 700K is about 2.0. This surpasses the 
performance of all known bulk thermoelectric materials, which typically have ZTs near 
unity. Thus, the material system, AgPbmSbTe2+m opens the door to a number of electric 
power generation possibilities not available before. 
Buist, et al. [2] calculated the thermoelectric power generator performance usmg 
finite element method. Accuracy and true optimizations are the relative merits of finite 
element technique over several other averaging techniques. The analysis was over a single 
pellet and only single dimensional analysis was carried out for simplifications. The model 
also did not include the effects of passive heat losses due to radiation, air conduction and 
convection. Temperature dependent properties were used for this analysis. Properties were 
obtained from experimental results. Material properties at extreme temperatures were 
extrapolated due to their non-availability. Calculations of the efficiency were much more 
accurate when the temperature dependent properties were non-linear. Adopting finite element 
analysis for a temperature gradient of 300 K the conversion efficiency of the thermoelectric 
power generation unit under consideration was reported to be 5.72714. These results clearly 
showed the effectives of using finite element method over other averaging techniques. 
Rowe, et al. [3] developed procedures to assess the potential of thermoelectric 
generators when used for electric power generation. Two commercially available modules 
were considered for the analysis. In the first type of the module n and p-type semiconductor 
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thermo elements are connected electrically in series and sandwiched between thermally 
conducting but electrically insulating plates. The second type of the module is constructed 
with small inter-thermo element separation. The conducting metal strips in this module is not 
insulated hence it cannot be directly attached to electrical conductors. The study indicated 
several useful results. One of the results indicated that the maximum power output increases 
parabolically with the increase in the temperature gradient. The analysis also indicated that 
the maximum power output increases with a decrease in the thermoelement length for a given 
cross sectional area. 
Rowe, et al. [3] coined a new term called manufacture quality factor which 
influences the manufacture of thermoelectric modules. Manufacture quality factor (MQF) 
includes the selection of contact material, and formation of electrical junctions and thermal 
contact layers. 
Mathematical simulations were carried out [ 4] on power generation by roll cake type 
of thermoelectric double cylinders. The thermoelectric module is designed in the form of 
double thermoelectric cylinders in which hot and cold fluids are circulated in counter flow 
direction. Each of the case designed were analyzed using the steady heat balance and output 
power for each of the case were modeled as mathematical equations. 
An interesting aspect of the design of traditional thermoelectric power generation unit 
has been that hot and the cold surf aces were designed flat and parallel to each other and the 
thermoelectric material have been sandwiched between them. In a recent design, Hasabe, et 
al. [5] proposed a thermopile that can be sandwiched between two curved surfaces. The 
flexible thermopile generator (FTG) is composed of a metal thermopile on a polymer sheet, 
heat sink and heat absorber parallel to each other. This design proposed advantages of 
miniaturization and integration. Heat transfer analysis of the FTG was carried out by a 
simplified finite element method. No heat transfer losses were observed during the 
simulations due the low temperature gradient maintained across the hot and cold surface. 
Free convection based exchangers [6] were designed for thermoelectric power 
generation unit. These yield maximum safety due the absence of moving components such as 
fans or pumps. This particular unit was successfully designed for nuclear powered submarine 
for deep-sea oil prospection. The efficiency of the free-convection unit was observed to be 
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very low in the order of 0.5-1.7% due to small free convection factors (19-68 W/m2K). The 
efficiency was observed to increase with forced convection but the safety of the device was 
compromised due to the presence of moving parts such as motors and pumps. 
Thermoelectric power generation systems were designed for unmanned air vehicle or 
a micro air vehicle [7]. In this particular system high efficiency thermoelectric generators 
were integrated with MA V propulsion systems. The module generated a power output of 
800mW with a thermoelectric efficiency of 6-7%. At this power density thermoelectric 
generators outperformed all available lithium batteries for system endurance requirements 
greater than 20minutes. 
Performance calculation of thermoelectric generation system was presented for a 
system designed with exhaust gas of internal combustion plant acting as the heat source [8]. 
The module is fabricated using sintered p and n type materials (BiSb h and (TeSe )3. The 
power output of the system is about 160kW and the conversion efficiency was about 3.77% 
when utilizing the heat of the exhaust gas at 180-370°C. 
In an effort to develop thermoelectric power generation module suitable for high 
temperature working conditions, Calliat, et al. [9] proposed a thermoelectric unicouple 
concept for power generation. Two methods of design were proposed for the unicouple 
concept of power generation. In the first method, a multi stage thermoelectric generator was 
proposed where each stage acts over a given temperature difference and each stage was 
electrically insulated but thermally in contact with each other. The second method involves 
segmented generators. In the segmented generator each of the segments consists of a p and n 
type of pellet and the segments are joined in a series. This unicouple design was expected to 
operate over a temperature range of 300-973K and a conversion efficiency of 15% was 
predicted for this system. 
Thermoelectric power generation would be a useful and effective method when a 
temperature gradient in the order of 600-900 becomes feasible. Very little development has 
been made in the study of heat transfer of high efficiency power generation systems. It is also 
observed that the conversion efficiency of a thermoelectric generator module is very low 
when the temperature gradient is very low. It can hence be concluded that there is a 
possibility of further reduction of conversion efficiency in the presence of high temperature 
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gradient. This leads us to ponder about the reasons for the loss of efficiency for a 
thermoelectric generator module at high temperatures. 
Heat transfer plays an important role in high temperature applications and this has led 
us to investigate the bottlenecks involved in the development of thermoelectric generator 
with high output power. 
High temperature applications also lead us to the conclusion that there might be 
extensive loss of heat. It is highly essential that heat transfer needs to be analyzed in the 
material as well as regions surrounding the material to effectively design a thermoelectric 
power generator. 
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3. Computational Fluid Dynamics Setup 
3.1 Problem Description 
Heat transfer modeling for the current problem needs a detailed understanding of the 
geometry involved. It is also required to analyze the need for applying CFD techniques for 
the problem under consideration. CFD techniques have the advantage of being cheaper and 
possess the ability to provide parametric studies under realistic conditions. 
The current problem needs the design of number of thermoelectric legs stacked next 
to each other being electrically in series and thermally insulated by a medium. Figure. I 
shows a schematic diagram of a non-staggered arrangement of thermoelectric pillars. The 
distances between the thermoelectric pillars are designed to be 5mm and the cross-sectional 
area of a single thermoelectric pillar is 25sq. mm. The schematic represents the case where 






Figure.1: Non-Staggered arrangement of thermoelectric pillars with circular cross-section 
Figure.2 represents a schematic of thermoelectric module where the thermoelectric 
pillars have a staggered arrangement. A distance of 5mm separates the thermoelectric pillars 
and each of the pillars has a cross-sectional area of 25sq.mm. 
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Figure.2: Staggered arrangement of thermoelectric pillars with circular cross-section 
Hot and cold walls are modeled on the bottom and top of the pillars respectively. The 
temperature of the hot wall and cold wall are maintained at 900K and 300K respectively. 
The length of the thermoelectric leg is designed to be 12mm. A linear temperature profile is 
modeled for the thermoelectric leg. CFD analysis is carried out in the region between the 
thermoelectric legs. The medium or the gas enclosed in the region is assumed to be air. Air is 
assumed to be at atmospheric pressure (101325 Pa) and room temperature (300K). Heat 
transfer analysis in the region or cavity between the two thermoelectric legs includes the 
effect of natural convection and radiation. 
3.2 Problem Formulation 
Using the widely used commercial code Fluent 6.1.18, simulations relevant to the 
problem under consideration were carried out. Fluent is a state-of-art computer program for 
modeling flow and heat transfer and is versatile in handling complex geometry. 
Assumptions of symmetry and periodicity when applied help in simplifying the geometry. 
Symmetric boundary conditions assume zero derivatives for all the dependent variables 
except velocity component normal to the boundaries, which are set equal to zero. Periodic 
boundary conditions maintain identical values for the dependent variables across the two 
opposite planes. 
Figure.3 illustrates a non-staggered arrangement of thermoelectric legs. In this particular case 
gravity is in negative z direction hence symmetry boundary conditions are applied in x and y 
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direction. The geometry illustrated in bold represent the region where flow and heat transfer 





Figure.3: Non-staggered arrangement of legs, symmetric boundary 
condition in x and y direction 
Symmetry and periodic boundary conditions are applied when there exists gravity in 
negative x direction for a non-staggered arrangement of thermoelectric pillars. 
5.64mm 
5mm 
Figure.4: Non-staggered arrangement of legs, symmetric boundary 
condition in y and periodic boundary condition in x direction 
Figure.4 illustrates schematic where symmetry boundary condition is applied in y 
direction and periodic boundary condition is applied in x direction. For a staggered 
arrangement of thermoelectric legs and gravity orientation in y direction, symmetric 




. _1_ 5mm 
Figure.5: Staggered arrangement of legs, symmetric boundary condition in 
y and x direction. 
The region in bold in Figure.5 illustrates the region or cavity obtained after applying 
simplifying boundary conditions. The dimensions in this case are maintained similar to all 
other cases for the purpose of illustration. 
Periodic boundary condition is applied m x direction and symmetry boundary 
condition is applied in y direction to simplify geometry obtained from a staggered 
arrangement of thermoelectric legs possessing gravity orientation in negative x 
direction.Figure.6 represents a schematic for this geometry. Grid generation techniques are 
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Figure.6: Staggered arrangement of legs, symmetric boundary condition in y and 
periodic boundary condition in x direction 
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CFD analysis can be simplified when the goals are set. The goals that lead to the CFD 
analyses are choice of a computational model, choice of a physical model and determination 
of solution procedure. Heat transfer and flow modeling are required to carry out performance 
modeling of thermoelectric power generation module. Heat transfer is defined as the flow of 
thermal energy from matter occupying one region in space to matter occupying a different 
region in space. Heat transfer phenomenon can be classified into three major categories 
namely, conduction, convection and radiation. Heat transfer modeling of the region between 
thermoelectric legs needs effective understanding of heat transfer phenomenon through 
natural convection and radiation. When heat is added to a fluid and the fluid density varies 
with temperature, a flow can be induced due to the force of gravity acting on the density 
variations. Such buoyancy-driven flows are termed natural-convection. The phenomenon by 
which energy is transmitted in the form of high-speed particles or electromagnetic waves is 
termed as radiation. Radiation can be further classified as surface radiation and gas radiation. 
In this particular problem, we consider a double precision solver since the geometry is 
complex and more accuracy can be obtained by using the double precision solver. In this 
code flow and heat transfer are modeled by ensemble averaged conservation equations of 
mass (continuity), momentum (compressible Navier-Stokes) and total energy for a three 
dimensional, unsteady, laminar flow of an ideal gas with constant specific heats. Segregated 
solver is assumed which solves each of these equations sequentially. 
The governing equations for gas flow assuming laminar flow are illustrated. 
ap +V.(p~)=O at Continuity (4.1) 
Navier-Stokes (4.2) 
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:t (pE)+ v.(~(pE + p)) = v.( kVT +(;'.~)) 
Where 
p =density 
p = static pressure 
T = static temperature 
v = velocity vector 
r = stress tensor 
µ=dynamic viscosity 
Energy 
pg =gravity force 
k =conductivity 
(4.3) 
Solution will depend on the mass inside the closed domain when natural convection is 
modeled. The mass inside the closed domain is obtained by designing the density. Since the 
current problem involves large temperature gradients, it is not possible to model natural 
convection using Bossinesq model. We perform a transient calculation in which we compute 
the initial density from initial temperature and pressure. As the solution progresses with time 
the initial mass calculated will be properly conserved. We specify an operating pressure of 
101325 Pa. 
Modeling of radiation heat transfer is carried out by adopting a method called 
Discrete ordinate provided by Fluent 6.1.18.The discrete ordinate model spans the entire 
region of optical thickness, and allows to solve problems ranging from surface-to-surface 
radiation to participating radiation. The DO model considers radiative transfer equation in the 
direction s governing the radiation heat transfer. 
( (- -)-) (- -) aT4 a 4fK (--'\A,(--') ' V. I r,s s +(a+oJI r,s =an2 --+-' I r,s tr s.s dQ 
Jr 4Jr 0 
(4.4) 
Where 
r =position vector 
s =path length 
T = local temperature 
I =radiation intensity 
s = direction vector 
a =absorption coefficient 
as =scattering coefficient 
</J =phase function 
(a+ as ) s =optical thickness 
-· 
s =scattering direction vector 
n =refractive index 
a= Stefan-Boltzman constant 
n· = solid angle 
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In this current model radiative transfer equation is solved for finite number of discrete 
solid angles, each associated with a vector direction s fixed in global Cartesian system (x, y, 
z). The current implementation assumes gray body radiation for surfaces. 
To obtain solutions of the conservation equations it is required to specify the initial 
and boundary conditions involved. Hot and cold walls are maintained at 300K and 900K 
respectively maintaining a thermal gradient of 600. A linear temperature profile is assumed 
for the thermoelectric leg surf ace ranging from 900K to 300K. The boundary condition on 
the hot and cold plates assumes constant temperature. The BC's at symmetry boundaries are 
zero derivatives of dependent variables except for the velocity component normal to those 
boundaries, which is set equal to zero. The BC' s at periodic boundaries maintain identical 
values of dependent variables across two opposite planes. 
Mathematically these boundary conditions can be represented as follows. 
Hot/Cold Plate: 
- dp 
v = O·T =constant·-= 0 
' 'dn (4.5) 
TE leg surface: ~ = O· T =linear variation· dp = 0 
' ' dn 
(4.6) 
Symmetric planes: 
dv dT dp 
-=O·v =0·-=0·-=0 
dn ' n 'dn 'dn 
(4.7) 
Periodic planes: (4.8) 
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3.3 Numerical Method of Solution 
Solutions to the conservation equations and radiative transfer equation are obtained by using 
the version 6.1.18 of Fluent code. A control volume based technique is used by Fluent to 
convert the governing equations to algebraic equations for solving them numerically. Control 
volume techniques consist of integrating the governing equation about each control volume, 
yielding discrete equations that conserve each quantity on a control-volume basis. Fluent 
generates solutions by using SIMPLE [10], SIMPLEC [11] and PISO [12] (Pressure-Implicit 
with Splitting of Operators) algorithms for problems with steady state. SIMPLE algorithm 
being more stable for problems with complicated flows was implemented. SIMPLE 
algorithm uses a relationship between velocity and pressure connection to enforce mass 
conservation and obtain pressure field. The fluxes at the cell faces are interpolated by using 
second order upwind differencing. The convergence criterion is used to ensure that 
normalized residual is less than 10-12 for all the conservation equations. Default values of 
under-relaxation parameter for density (1.0) and momentum (0.7) are selected and an under-
relaxation factor of 0.9 is set for the energy equation and radiative transfer equation for faster 
convergence. 
Two-dimensional and three-dimensional analyses are carried out for the problems 
under consideration. A separate mesh generation package or pre-processor is used to set up 
proper geometry. For this study, Gambit 2.0 is used to create mesh for both two-dimensional 
and three-dimensional analyses. The two-dimensional analyses helps us to easily design the 
region between the thermoelectric legs and study the effects of convection and radiation. The 
number of grid points required for two-dimensional analysis is reduced drastically. Due to 
the reduced grid size the memory requirements and hence the time required to solve the 
problem is also reduced. Two-dimensional analyses helps us in getting results in shorter 
period of time and help us to decide the requirements for a detailed flow field analysis in 
three dimension. 
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Figure.7 shows a structured grid created for two-dimensional analyses. Configuration 
illustrated depicts the region between the thermoelectric legs in two-dimension. Hot and cold 
walls are illustrated as bottom and top walls respectively. Structured grids illustrate the two 
configurations. The first configuration depicts the case where the gravity orientation is in 
negative y direction and the second configuration depicts gravity orientation in negative x 
direction. Number of nodes involved for the given geometry is 5151. 
Wall 1 
Wall 1 Wall 2 
Wall 2 
Configuration 1: Gravity orientation -y Configuration 2: Gravity orientation -x 
Figure 7: Computational grid for two-dimensional cavity analysis 
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It is to be noted in Figure. 7 that grid is clustered in regions near all the walls. Grids 
are clustered in these regions to maintain a smooth variation in temperature gradient. Six 
cases are simulated for performing the two-dimensional analyses.In each of the cases the 
length of the thermoelectric leg and the distance between the legs are varied and 
simulated.Three different leg lengths are simulated namely 8mm, 12mm and 20mm. Further 
three more cases are simulated varying the distance between the legs as 3mm, 5mm and 
1 Omm. For each of the six cases simulation is carried out by changing the orientation of 
gravity and cases are simulated with the effect of convection in the absence of radiation, 
presence of convection and surface radiation and presence of convection , surface and gas 
radiation. Grid sensitivity analyses are carried out by increasing the number of nodes 
involved in the same geometry and the discrepancy in the solution is observed to be minimal, 
hence the grid shown in Figure.7 was utilized for both convection and radiation analyses. 
The geometry involved in three-dimensional analyses require a more detailed 
description due to different boundary conditions applied. A total of 36 cases are simulated for 
carrying out three-dimensional analysis. Each of these 36 cases are dependent upon the 
classification of leg arrengements as staggered and non-staggered, gravity orientations as -z 
and -x and the shape of the cross-section of the leg as circular and square. During the 
application of computational fluid dynamics(CFD) techniques it is implied that the solutions 
obtained does not only depend upon the physical model and the numerical scheme applied 
but also depends upon the quality of mesh used to obtain these solutions. It must be implied 
that the mesh should represent the physical model and the numerical scheme. 
Figure.8 shows two configurations of numerical grid involved for three-dimensional 




thermoelectric pillar (12mm, 24mm), and the distance between thermoelectric pillars 
(2.5mm, 5mm, lOmm). Numerical grids are developed for each of the simulation cases 
described. Grid sensitivity analyses are carried out. The number of nodes is increased to a 
quarter million for first three cases and half a million nodes for the final case and the 
discrepancy in solution is found to be negligible. Each of these simulations is carried out 
for cases in which natural convection is modeled individually and radiation is modeled by 
varying the absorption coefficient (0.1, 0.9). 
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4. Results and Discussion 
CFD simulations are carried out using Fluent 6.1.18 to study heat transfer in region 
between thermoelectric legs. A total of 24 simulations in two-dimension and 36 simulations 
in three-dimension were carried out to study the effect of natural convection and radiation in 
different configurations. All the two-dimension cases are tabulated in Table 1 and three-
dimension cases are tabulated in Table 2. Primarily, in this section we simply are looking for 
answers for the following questions: (1) Does convection play an important role in heat 
transfer? (2) How bad is the effect of radiation? (3) Does the arrangement of thermoelectric 
legs in a thermoelectric module play an important role? 
(4) What is the effect of changing the distance between the thermoelectric legs? Identify 
extreme cases. (5) What is effect of length of thermoelectric leg? (6) Identify the effect of 
change in cross-section of thermoelectric leg. In a search for answers for all these questions 
two and three-dimensional numerical grids were created. 
Table 1: 2-D cases simulated 
Case# Leg Length Leg spacing Radiation Gravity ~T 
mm mm direction 
1 8 3 No -y 300 
2 8 3 Yes -y 300 
3 8 3 No -x 300 
4 8 3 Yes -x 300 
5 8 5 No -y 300 
6 8 5 Yes -y 300 
7 8 5 No -x 300 
8 8 5 Yes -x 300 
9 12 3 No -y 300 
10 12 3 Yes -y 300 
11 12 3 No -x 300 
21 
Table 1: Continued 
Case# Leg Length Leg spacing Radiation Gravity ~T 
mm mm direction 
12 12 3 Yes -x 300 
13 12 10 No -y 300 
14 12 10 Yes -y 300 
15 12 10 No -x 300 
16 12 10 Yes -x 300 
17 20 5 No -y 300 
18 20 5 Yes -y 300 
19 20 5 No -x 300 
20 20 5 Yes -x 300 
21 20 10 No -y 300 
22 20 10 Yes -y 300 
23 20 10 No -x 300 
24 20 10 Yes -x 300 
Table 2: 3-D cases simulated 
Case Staggered Leg Leg Length Absorption Gravity ~T 




1 No RP 12,5 0.0,0.0 -z 300 
2 No RP 12,5 0.0,0.0 -z 600 
3 No RP 12,5 0.0,0.1 -z 600 
4 NO RP 12,5 0.0,0.9 -z 600 
5 No RP 12,5 4.0,0.9 -z 600 
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Table 2: Continued 
Case Staggered Leg Leg Length Absorption Gravity ~T 




6 No RP 12,5 0.0,0.1 -z 600 
(Non-gray) 
7 No RP 12,5 0.0,0.9 -z 600 
(Non-gray) 
8 No RP 6,5 0.0,0.0 -z 600 
9 No RP 6,5 0.0,0.9 -z 600 
10 No RP 24,5 0.0,0.0 -z 600 
11 No RP 24,5 0.0,0.9 -z 600 
12 No RP 12,2.5 0.0,0.0 -z 600 
13 No RP 12,2.5 0.0,0.9 -z 600 
14 No RP 12,10 0.0,0.0 -z 600 
15 No RP 12,10 0.0,0.9 -z 600 
16 No RP 12,5 0.0,0.0 -x 600 
17 No RP 12,5 0.0,0.1 -x 600 
18 No RP 12,5 0.0,0.9 -x 600 
19 Yes RP 12,5 0.0,0.0 -z 600 
20 Yes RP 12,5 0.0,0.1 -z 600 
21 Yes RP 12,5 0.0,0.9 -z 600 
22 Yes RP 12,5 0.0,0.0 -x 600 
23 Yes RP 12,5 0.0,0.1 -x 600 
24 Yes RP 12,5 0.0,0.9 -x 600 
25 No CYL 12,5 0.0,0.0 -z 600 
26 No CYL 12,5 0.0,0.1 -z 600 
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Table 2: Continued 
Case Staggered Leg Leg Length 
# Shape , spacing 
Mm 
27 No CYL 12,5 
28 No CYL 12,5 
29 No CYL 12,5 
30 No CYL 12,5 
31 Yes CYL 12,5 
32 Yes CYL 12,5 
33 Yes CYL 12,5 
34 Yes CYL 12,5 
35 Yes CYL 12,5 
36 Yes CYL 12,5 
RP: Real Prism (or) Leg Cross-section: Square 
CYL: Cylindrical (or) Leg Cross-section: Circular 





0.0,0.9 -z 600 
0.0,0.0 -x 600 
0.0,0.1 -x 600 
0.0,0.9 -x 600 
0.0,0.0 -z 600 
0.0,0.1 -z 600 
0.0,0.9 -z 600 
0.0,0.0 -x 600 
0.0,0.1 -x 600 
0.0,0.9 -x 600 
A step-by-step procedure is adapted to analyze the results. Running simulations using 
Fluent provides results related to temperature profile and velocity profile. Post-processing 
is carried out in fluent to study the wall-fluxes and radiation heat fluxes involved which 
helps us in getting a clear picture of the heat transfer involved. Results are analyzed by 
studying the contour plots and vector plots. In contour plots, contour lines or profiles are 
super imposed on the domain under investigation. We discuss in detail contour plots for 
temperature and velocity for different cases simulated. 
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4.1 2-D simulations 
4.1.1 Natural Convection studies 
Two and three-dimensional analyses are carried out for studying the effect of heat 
transfer in region between thermoelectric legs. Figure.10 displays the contour plots for 
temperature and velocity for two-dimensional simulation case involving convection and 
radiation. The gravity orientation is in negative x direction (parallel to bottom surface), and 
the distance between the two legs are maintained at 1 Omm and the length of the 
thermoelectric leg is 12mm. 
In this case radiation is included in the simulation with an absorption coefficient and surface 
emissivity set equal to one. Linear profiles are defined on both left and right wall. The 
temperature profile in the gas displays non-linearity due to the presence of induced motion . 
• 
Figure 10: Temperature and velocity contour plot for 2-d cavity analysis 
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The velocity profile indicates a considerable amount of induced motion, velocity magnitude 
in the order of 10-2 mis indicating the effect of natural convection or buoyancy driven flow . 
Figure 11: Temperature and velocity contour plot for 2-d cavity analysis-convection only 
Figure.11 indicates a temperature profile for convection only case with gravity 
orientation in negative y direction (perpendicular to bottom surface). Figure.11 clearly shows 
a linear temperature profile for temperature of gas in the region between thermoelectric legs . 
The velocity contour indicates a negligible induced motion in the order of 10-9m/s. This 
indicates a negligible presence of natural convection. It can be concluded that the gravity 
direction plays an important role. Gravity orientation in negative x direction induces motion 
hence natural convection plays an important role in heat transfer losses, while gravity 
orientation in negative y direction depicts nearly negligible induced motion indicating the 
absence of natural convection in heat transfer losses. Simulations are carried out to study the 
influence of the leg spacing and leg length. 
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Table 3 i1lustrates a comparative study of maximum velocity induced considering the 
distance between the two thermoelectric legs as an influencing factor. 
Table 3: Study of leg spacing as a factor influencing effect of natural convection 
Height of TE leg Leg spacing Gravity Radiation Maximum Velocity (mis) 
(mm) (mm) Orientation 
12 3 -y No l.OlxlO-IU 
12 10 -y No l.Oxl0-9 
12 3 -x No 3. l5xl0-5 
12 IO -x No 4.87x} ff2 
From the above table it is seen that with the gravity orientation in negative y direction, the 
magnitude of maximum velocity is negligible as discussed in the previous section and with 
gravity in negative x direction there is a considerable amount of induced motion. 
Figure. 12: Velocity vectors -Comparative study of Leg spacing 
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Figure.12 illustrates two cases, the former case illustrates the velocity vectors with 
gravity orientation in negative x direction and leg spacing of 3mm and the latter case 
illustrates the velocity profile of case with gravity orientation in negative x direction and leg 
spacing of 1 Omm. The magnitude of maximum velocity in case with 3mm leg spacing is 
lower compared to case with leg spacing equal to IOmm.Though the magnitude depending 
upon which the comparison is carried out is very small, conclusion can be definitely made 
that, there is a greater influence of natural convection or buoyancy driven flow when the leg 
spacing is greater. 
It is concluded from the previous analysis that with the distance between the TE legs 
of 3mm, the induced motion is less for a case with constant leg length. It is also important to 
analyze the effect of leg length. Table.4 illustrates a comparative study of influence of leg 
length on the natural convection. 
Table 4: Study of leg length as a factor influencing effect of natural convection 
Height of TE leg Leg spacing Gravity Radiation Maximum Velocity (m/s) 
(mm) (mm) Orientation 
8 3 -y No 1.02xl0-10 
12 3 -y No l.OlxlO-tu 
8 5 -y No 2.22x10-IU 
20 5 -y No 2.63xlff!U 
Figure.13 shows the velocity contours of two cases. The former case depicts the velocity 
contour of case having a gravity orientation in negative y direction, height of TE leg of 8mm. 
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The latter case illustrates the velocity contour of case having similar gravity orientation and 
leg length of 12mm. In the both the cases the leg spacing is maintained constant. 
Figure 13: Velocity contours -Comparative study of Leg length 
It is clearly observed that there is a negligible induced motion, primarily because we 
have a gravity orientation in negative y direction and have maintained minimum leg spacing. 
From this study it can be concluded that the leg length does not have an important influence 
on the natural convection. 
4.1 .2 Radiation Studies 
Comparisons were made to study the influence of natural convection in the cavity or 
region between the thermoelectric legs. It is also required to study the influence of length and 
leg spacing on radiation. Radiation analyses can be carried out by analyzing total heat flux or 
radiation heat flux on one of the wall surfaces. In th is section we carry out the analyses by 
studying the total heat flux on hot wall. It is essential to study the influence of leg length and 
leg spacing on radiation . Table 5 gives a picture of the total heat flux for a comparative study 
of leg spacing. 
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Table 5: Study of leg spacing as a factor influencing effect of radiation 
Height of TE leg Leg Spacing Gravity Total heat flux 
(mm) (mm) (W/m2) 
12 3 -x 7222.81 
12 10 -x 13544.25 
12 3 -y 7222.79 
12 10 -y 13372.78 
Two conclusions can be made from this table. There is a small reduction of magnitude of 
total heat flux when gravity orientation is in negative y direction. Hence, gravity does not 









Figure 14: Influence of leg spacing on radiation 
It can be concluded from this figure that radiation is less prominent when the leg 
spacing is minimum. Similar conclusion was reached on the study of influence of leg spacing 
· on natural convection. Maintaining the leg space constant and a minimum value of 3mm 
study was conducted on the influence of thermoelectric leg length on radiation. Table 6 
indicates the total heat flux for a comparative study of the influence of thermoelectric leg 
length on 
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radiation. The leg spacing is maintained a constant through out the study and the gravity 
orientation is in negative x direction. 
Table 6: Study of thermoelectric leg length as a factor influencing effect of radiation 
Height of TE leg Leg Spacing Gravity Total heat flux 
(mm) (mm) (W/m2) 
8 3 -x 9744.83 
12 3 -x 7222.81 
8 5 -x 12462.72 
20 5 -x 6894.11 












Figure 15: Influence of thermoelectric leg length on radiation 
Figure.15 clearly indicates the influence of thermoelectric leg length on radiation. 
The magnitude of total heat flux is much higher when the magnitude of thermoelectric leg 
length (H) is low. Table 6 also indicates a very high magnitude of total heat flux when the leg 
spacing is 5mm and leg length is low. 
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2-D simulations are carried out to simplify the geometry and obtain results in shorter 
period of time. It gives us a general idea about the right direction our study needs to be 
oriented but conclusion cannot be finalized. 3-D simulations have to tackle the problem of 
complicated geometry, and take more time to find the solution of a problem. The advantage 
of the latter is we make thorough analyses and results model the actual problem under 
investigation. 
4.2 3-D Simulations 
4.2.1 Natural Convection Studies 
Actual model for the problem under investigation is achieved through 3-D simulation. 
3-D simulations also pose a challenge of handling complicated geometry since it is important 
to model the region for both flow and heat transfer. Simplifying assumptions to geometry are 
made and are discussed in detail in section 2.1. Figure.16 shows the temperature profile for 
two designs of thermoelectric module, which are under study. 
Figure 16: Temperature profiles of two designs of thermoelectric module 
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Simulations are carried out for variety of cases for obtaining the optimum design of 
thermoelectric module. The schematics involved for various designs under consideration 
were illustrated in section 2. l. All simulations were run till convergence, i.e., till the 
minimum residual is reached. The primary objective of our study is to analyze the effect of 
natural convection or buoyancy driven flow heat transfer. It was concluded after carrying out 
2-D analysis that the influence of natural convection heat transfer was nearly negligible for a 
gravity orientation of negative y direction. Similar study is carried out for 3-D analyses. The 
induced motion in velocity contour gives us an indication regarding the buoyancy driven 
flow or natural convection in the region under consideration. It is required to analyze the 
effect of gravity orientation on natural convection. Table.7 gives a comparative study of 
magnitude of maximum velocity. Gravity orientation and parameters such as leg length (H) 
and distance between legs (Ls) are maintained constant throughout the study. 
Table 7: Study of gravity orientation as a factor influencing effect of natural convection 
Height of TE leg Leg spacing Gravity Maximum Velocity 
(mm) (mm) (mis) 
12 5 -z 5.48xl0-2 
12 5 -x 2.41xl0- 1 
The magnitude of maximum velocity is high for both the cases indicating heavy 
induced motion, though there is a greater magnitude of maximum velocity when the gravity 
orientation is in negative x direction. Figure.17 indicates the velocity contour for the two 
cases discussed in table 7. 
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Figure 17: Velocity contours-Comparative study of orientation of gravity 
Due to greater induced motion when the gravity orientation is in negative x direction, 
influence of natural convection or buoyancy driven flow is greater. It is also essential to 
analyze the effect of leg spacing (Ls) on the buoyancy driven flow. Table.8 provides a 
comparative study of the magnitude of maximum velocity with leg spacing (Ls) as a factor. 
Leg length (H) and gravity orientation are maintained as a constant through out the study. 
Table 8: Study of leg spacing (Ls) as a factor influencing effect of natural convection 
Height of TE leg Leg spacing Gravity Maximum Velocity 
(mm) (mm) (mis) 
12 2.5 -z 3.19x10-IO 
12 5 -z 5.48X lffL 
12 10 -z 1.53x 10- 1 
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It is clearly indicative that leg spacing (Ls) has an important influence on the natural 
convection based heat transfer losses . Figure.18 gives the velocity contours of the two 
extreme cases for comparison. 
Figure 18: Velocity contours-Comparative study of leg spacing (Ls) 
The magnitude of maximum velocity is nearly negligible when the magnitude of leg 
spacing is low. By increasing the leg spacing there is larger induced motion in the region 
between the thermoelectric legs. Hence optimum design would require the leg spacing (Ls) to 
be minimum for lowering the losses due to natural convection heat transfer. Efficient design 
also requires the analysis of effect of leg length (H) on the influence of buoyancy driven 
flow. In this analysis the leg spacing (Ls) is maintained at the minimum value since it was 
already concluded that for a given length of thermoelectric leg (H) and with a gravity 
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orientation m negative y direction, heat transfer losses due to natural convection are 
minimum. Table 9 gives the magnitude of maximum velocity with leg length (H) as a factor. 
Table 9: Study of leg length (H) as a factor influencing effect of natural convection 
Height of TE leg Leg spacing Gravity Maximum Velocity 
(mm) (mm) (mis) 
6 5 -z l.38x 10-9 
12 5 -z 5.48x 10-2 
24 5 -z 9.74xl0-1 
Figure.19 indicates the velocity contour for two extreme cases of the parameter (leg 
length) under consideration. There is heavy induced motion when the magnitude of leg 
length (H) is high . It was concluded in 2-D analysis that leg length did not have very 
important influence on buoyancy driven flows. 
Figure 19: Velocity contours-Comparative study of leg length (H) 
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This case clearly illustrates that even though 3-D analyses requires the handling of 
complicated geometry and requires more time and computing resources, it provides exact 
results, which are required for efficient design of a thermoelectric power generation module. 
Arrangement of thermoelectric legs and the cross-section of legs are influencing factors for 
an efficient design of thermoelectric power generation module. Two cross-sections namely 
square and circle were considered for the design of thermoelectric module. Detailed 
simulations were carried out to study the influence of leg length (H) and leg spacing (Ls) in 
both the designs of cross-section. A comparative study was also carried out to study the 
influence of the cross section on buoyancy driven flow and radiation heat transfer heat losses. 
Table.10 presents a comparative study on the influence of the leg cross-section on natural 
convection heat losses. 
Table 10: Study of leg cross-section as an influencing factor of natural convection 
Height of leg Leg spacing Cross- Radiation Gravity Maximum 
(mm) (mm) section Orientation Velocity(m/s) 
12 5 Square No -z 5.48xl0-2 
12 5 Circle No -z 7.27xlff2 
12 5 Square No -x 2.4lxl0- 1 
12 5 Circle No -x 2.53xlff1 
Figure.20 illustrates the two different types of cross-section investigated for designing a 
thermoelectric power generation couple. 
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Figure 20: Square and circular cross-section investigated 
Upon studying the magnitude of maximum velocity we can understand that there 
is a greater induced motion for thermoelectric leg having a circular cross section, which 
also indicates that the buoyancy driven heat transfer plays an important role. 
Two configurations are investigated for both the cross section. Figure.21 indicates the 
staggered and non-staggered arrangement of thermoelectric legs in thermoelectric power 
generation module. 
Figure 21: Staggered and non-staggered arrangement of thermoelectric legs 
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Table 11 indicates the magnitude of maximum velocity for a comparative study of 
influence of buoyancy driven flows on the nature of arrangement of thermoelectric legs. 
Table 11: Study of leg arrangement as an influencing factor of natural convection 
Height of leg Leg spacing Staggered Gravity Maximum 
(mm) (mm) Orientation Velocity(m/s) 
12 5 No -z 5.48xl0-2 
12 5 Yes -z 9.18xl0-2 
4.2.2 Radiation Studies 
High temperature gradients across the thermoelectric power generation module 
indicate the presence of radiation heat transfer losses. It is also required to analyze the 
efficient design, which minimizes the radiation heat transfer losses. To analyze the effect of 
radiation we study the magnitude of total heat flux on hot wall. It was already observed in 
two-dimensional analyses that gravity plays an important role in both buoyancy driven flows 
and radiation heat transfer. By carrying out three-dimensional analyses we can actually 
predict the percentage difference occurring when different parameters are varied. 
In the study of influence of gravity orientation, parameters such as thermoelectric leg 
spacing (L8), thermoelectric leg length (H), cross-section of leg and the arrangement of 
thermoelectric legs in a power generation module are maintained a constant. Table.12 gives 
the magnitude of total heat flux on hot wall for a case where the absorption coefficient is 
maintained at 0.9. 
Table 12: Study of gravity orientation as an influencing factor of radiation 
Height of leg Leg spacing Absorption Gravity Total heat flux 
(mm) (mm) Coefficient Orientation (W/m2) 
12 5 0.9 -z 22387.81 
12 5 0.9 -x 22437.95 
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22440 • Gravity perpendicular 22430 to bottom plate (-z) 
22420 
Total heat flux 22410 





Figure 22: Influence of gravity orientation on radiation 
Figure.22 shows a 0.22% increase on magnitude of total heat flux . Hence there is an 
increase in influence of radiation when the gravity orientation is in negative x direction i.e., 
when the gravity orientation is parallel to the bottom plate in a thermoelectric power 
generation module. The nature of material and its behavior are not known hence two worst-
case scenarios for the absorption coefficient (0.1 and 0.9) are simulated. Table.13 gives the 
magnitude of total heat flux comparing cases of different absorption coefficient. 
Table 13: Study of absorption coefficient as an influencing factor of radiation 
Height of leg Leg spacing Absorption Gravity Total heat flux 
(mm) (mm) Coefficient Orientation (W/m2) 
12 5 0.1 -z 3500.32 
12 5 0.9 -z 22387.81 
Simulations in this case are carried out for thermoelectric legs having a square cross-
section. Gravity orientation, leg length (H) and leg spacing (Ls) are maintained a constant 
during the simulations. 
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The magnitude of total heat flux increases drastically when the absorption coefficient 
is set equal to 0.9. Further simulations for analyzing the effect of leg length, leg spacing, leg 
arrangement and cross-section are carried out for absorption coefficient equal to 0.9. 
Table.14 gives a comparative study of magnitude of total heat flux by varying the leg spacing 
Table 14: Study of leg spacing (Ls) as an influencing factor of radiation 
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Figure 23: Influence of leg spacing (Ls) on radiation 






It is clearly seen that there is an increase of approximately 85 % in the magnitude of total 
heat flux when the leg spacing is increased from 2.5 mm to 10 mm, implying an increase in 
the influence of radiation heat transfer losses. 
Efficient design requires the leg spacing (Ls) to be of minimum value. Similar 
conclusion was reached on conducting a two-dimensional analyses and studying the 
influence of leg spacing on radiation heat transfer losses. To study the influence of 
thermoelectric leg length (H) we study the magnitude of total heat flux on the hot wall. 
Table.15 gives the magnitudes of total heat flux for a comparative study of influence of leg 
length (H). 
Table 15: Study of thermoelectric leg length (H) as an influencing factor of radiation 
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Figure 24: Influence of leg height (H) on radiation 







Conclusions were reached while carrying out two-dimensional analysis that, radiation heat 
transfer is prominent when the thermoelectric leg is short. Three-dimensional analyses 
supports the conclusion and it is seen that there is a decrease of 65 % in the magnitude of 
total heat flux of hot wall when the thermoelectric leg length is 24mm. Design considerations 
needs to made to reach an optimum leg length which is feasible for producing a 
thermoelectric power generation module. 
Table.16 indicates the magnitude of total heat flux on hot wall for a comparative 
study carried out to study on the dependence of leg cross-section on radiation. 
Table 16: Study of leg cross-section as an influencing factor of radiation 
Height of leg Leg spacing Cross- Gravity Total heat flux 
(mm) (mm) Section Orientation (W/m2) 
12 5 Square -z 22387.81 
12 5 Circle -z 26301.06 
Upon studying, we see a clear increase of 15 % approximately in the magnitude of 
total heat flux when we have a circular cross-section. Parameters such as the leg length (H), 
leg spacing (Ls) and gravity orientation are maintained a constant through out the 
simulations. 
Figure.21 indicated two arrangements that were investigated.Table.17 gives a 
comparative picture of the magnitude of total heat flux for both these arrangements. 
Table 17: Study of leg arrangement as an influencing factor of radiation 
Height of leg Leg spacing Staggered Gravity Total heat flux 
(mm) (mm) Orientation (W/m2) 
12 5 No -z 22387.81 
12 5 Yes -z 23306.41 
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In this particular study, both the leg cross-sections were analyzed. There was an 
increase of 4 % in the magnitude of total heat flux for staggered arrangement of 
thermoelectric legs with square cross-section and an increase of 5 % in the magnitude of total 
heat flux for staggered arrangement of thermoelectric legs with circular cross-section. 
Analyzing the results related to local heat flux , it is inferred that there is a net heat transfer 
into the thermoelectric legs from hot wall. Figure.25 indicates the local heat flux on hot and 
cold walls . 
Figure 25: Local heat flux on cold and hot wall 
It was also concluded that the total heat out of hot wall was greater than total heat into 
the cold wall. Hence it can be concluded that heat exchanger requirements to transfer heat 
from hot and cold walls are totally different. 
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